The ratio of pre-equilibrium neutrons to protons from collisions of neutron-rich nuclei is studied as a function of their kinetic energies. This ratio is found to be sensitive to the density dependence of the nuclear symmetry energy, but is independent of the compressibility of symmetric nuclear matter and the inmedium nucleon-nucleon cross sections. The experimental measurement of this ratio thus provides a novel means for determining the nuclear equation of state of asymmetric nuclear matter. *
energies [10, 11] .
Presently available radioactive ion beam facilities and planned isospin laboratories provide the unique opportunity to study experimentally the EOS of asymmetric nuclear matter.
Tanihata has recently proposed to extract the EOS of asymmetric nuclear matter by studying the properties of neutron-rich nuclei, such as their density distributions, radii and the thickness of the neutron skin [6] . In this Letter, we shall suggest a novel approach for studying the asymmetric part of the nuclear EOS, i.e., via the ratio of the number of preequilibrium neutrons to that of protons (R n/p (E kin ) ≡ dN n /dN p ) from collisions of neutron-rich nuclei at intermediate energies. Using a transport model with explicit isospin degrees of freedom, we will show that the ratio R n/p (E kin ) is sensitive to the density dependence of the symmetry energy, but is almost independent of the compressibility of symmetric nuclear matter and the in-medium nucleon-nucleon cross sections.
Theoretical studies (e.g., [7, [12] [13] [14] [15] [16] [17] ) have shown that the EOS of asymmetric nuclear matter can be approximately expressed as
where ρ = ρ n + ρ p is the baryon density; β = (ρ n − ρ p )/(ρ p + ρ n ) is the relative neutron excess; and E(ρ, β = 0) is the energy per particle in symmetric nuclear matter. The bulk symmetry energy is devoted by S(ρ) ≡ E(ρ, β = 1) − E(ρ, β = 0). Its value S 0 ≡ S(ρ 0 ) at normal nuclear matter density is known to be in the range of 27-36 MeV [18] . In the nonrelativistic Hartree-Fock theory (e.g., [19, 20] ) and the relativistic mean field (RMF) theory (e.g., [21] [22] [23] [24] [25] [26] [27] ), the predicted values of S 0 are 27-38 MeV and 35-42 MeV, respectively. Also, the density dependence of the symmetry energy varies widely among theoretical studies. A ρ 1/3 dependence was obtained by Siemens using the Bethe-Goldstone theory for asymmetric nuclear matter [12] , while the RMF theory predicts a linear dependence [28, 29] . One of the most sophisticated calculations is that of Wiringa et al. using the variational many-body theory [15] . Different density dependences of S(ρ) have been found depending on the nuclear forces used in the calculation. Typical results of these studies can be parameterized by [16] 
with F (u) having one of the following three forms
where u ≡ ρ/ρ 0 is the reduced baryon density and E 0 F is the Fermi energy. From eq. (3) the contribution of nuclear interactions to the symmetry energy density can be obtained, i.e.,
where
F ] is the contribution of nuclear interactions to the bulk symmetry energy at normal nuclear matter density. The mean-field potentials for neutrons and protons due to the symmetry energy are then
To illustrate the magnitude of the symmetry potential, we show in Fig. 1 
using the three forms of F (u) and S 0 = 32 MeV. It is seen that the repulsive (attractive) mean-field for neutrons (protons) depends sensitively on the form of F (u), the neutron excess β, and the baryon density ρ. In collisions of neutron-rich nuclei at intermediate energies,
both β and ρ can be appreciable in a large space-time region where the isospin-dependent mean-fields, which are opposite in sign for neutrons and protons, are strong. This will affect differently the reaction dynamics of neutrons and protons, leading to possible differences in their yields and energy spectra. Since the magnitude of the asymmetric part of the nuclear EOS is small compared to the symmetric part in eq. (1), to extract S(ρ) requires observables which are sensitive to the asymmetric part but not the symmetric part of the nuclear EOS.
Also, these observables should not depend strongly on other factors that affect the reaction dynamics, such as the in-medium nucleon-nucleon cross sections. In the following, we shall demonstrate that the ratio R n/p (E kin ) of preequilibrium neutrons to protons from collisions of neutron-rich nuclei meets these requirements.
We shall use an isospin-dependent Boltzmann-Uehling-Uhlenbeck (BUU) transport model (e.g., [30] [31] [32] [33] ). The proton and neutron densities calculated from the nonlinear relativistic mean-field (RMF) theory [25, 34] are used as inputs to initialize the BUU model [35, 36] . The isospin dependence is included in the dynamics through nucleon-nucleon collisions by using isospin-dependent cross sections and Pauli blocking factors, the symmetry potential V asy (ρ, β) and V p c the nucleon mean-field V n(p) (ρ, β) also includes a symmetric term for which we use a Skyrme parameterization, i.e.,
In the above, the parameters a, b and σ are determined by the saturation properties and the compressibility K of symmetric nuclear matter [31] . The symmetric term should also contain a momentum-dependent part. However, it is not essential for present study as we will show that the ratio of preequilibrium neutrons to protons from collisions of neutron-rich nuclei is essentially independent of the symmetric part of the nuclear EOS. The isospin-dependent BUU model was used to explain successfully several isospin-dependent phenomena in heavyion collisions at intermediate energies [35] . More recently, the isospin-dependence of collective flow and balance energy predicted in ref. [36] using this model was confirmed experimentally at NSCL/MSU by Pak et al. [37, 38] . [10, 11] . Preequilibrium particles were measured in these experiments and are now being analyzed [39] . The last system is included only for the purpose of discussions and comparisons.
To identify free nucleons from those in clusters, we use in our calculations a phase-space coalescence method at 200 fm/c after the initial contact of the two nuclei, when the quadrupole moment of the nucleon momentum distribution in the heavy residue is almost zero, indicat-(lower) kinetic energies. However, because of energy thresholds of detectors, it is difficult to measure low energy nucleons, especially neutrons. Furthermore, the low energy spectrum also has appreciable contribution from equilibrium emissions. Therefore, the measurement of the ratio R n/p (E kin ) in neutron-rich, central heavy-ion collisions for nucleons with energies higher than about 20 MeV is more suitable for extracting the EOS of asymmetric nuclear matter.
In conclusion, collisions of neutron-rich nuclei at intermediate energies reveal novel information about the EOS of asymmetric nuclear matter that is of interest to both nuclearand astro-physics, such as the properties of radioactive nuclei, supernovae, and neutron stars. The ratio of the number of preequilibrium neutrons to that of protons is found to be sensitive to the asymmetric part, but not to the symmetric part of the nuclear EOS. It is also almost independent of the in-medium nucleon-nucleon cross sections. The experimental measurement of this ratio therefore provides a valuable means for determining the EOS of asymmetric nuclear matter.
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